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Abstract

Quorum sensing (QS) is a mechanism of chemical communication that bacteria use to mon-

itor cell-population density and coordinate group behaviors. QS relies on the production,

detection, and group-wide response to extracellular signal molecules called autoinducers.

Vibrio cholerae employs parallel QS circuits that converge into a shared signaling pathway.

At high cell density, the CqsS and LuxPQ QS receptors detect the intra-genus and inter-spe-

cies autoinducers CAI-1 and AI-2, respectively, to repress virulence factor production and

biofilm formation. We show that positive feedback, mediated by the QS pathway, increases

CqsS but not LuxQ levels during the transition into QS-mode, which amplifies the CAI-1

input into the pathway relative to the AI-2 input. Asymmetric feedback on CqsS enables

responses exclusively to the CAI-1 autoinducer. Because CqsS exhibits the dominant QS

signaling role in V. cholerae, agonism of CqsS with synthetic compounds could be used to

control pathogenicity and host dispersal. We identify nine compounds that share no struc-

tural similarity to CAI-1, yet potently agonize CqsS via inhibition of CqsS autokinase activity.

Author summary

Bacteria communicate, count their numbers, and act as collectives using a process called

quorum sensing. Quorum sensing relies on the production, release and group-wide detec-

tion of small molecules called autoinducers. Curiously, quorum-sensing bacteria often

employ multiple autoinducers that funnel information into a common signal transduction

pathway. This feature of quorum-sensing systems has made it difficult to understand if or

how individual autoinducers could produce unique quorum-sensing responses making the

benefit of using multiple autoinducers mysterious. The global pathogen Vibrio cholerae uses

two, seemingly redundant, quorum-sensing autoinducers to control pathogenicity. Here,

we discover a mechanism that drives an increase in production of one autoinducer receptor,

but not the other. This asymmetry allows V. cholerae to disproportionately respond to one

autoinducer over the other autoinducer, and in so doing, control behaviors exclusively in

response to the dominant autoinducer. Our work solves the issues of whether and how V.

cholerae achieves autoinducer-specific control of quorum-sensing behaviors. In this
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manuscript, we also identify nine synthetic compounds that potently mimic the dominant

V. cholerae autoinducer. These compounds represent leads for V. cholerae prophylactics

and/or therapeutics.

Introduction

Quorum sensing (QS) is a cell-cell communication process that enables bacteria to monitor

population density and control behaviors as collectives. QS relies on the production, release,

accumulation, and detection of extracellular signal molecules called autoinducers. At low cell

density (LCD), when autoinducer concentration is low, bacteria carry out behaviors that are

successful when they act as individuals. At high cell density (HCD), in response to autoinducer

accumulation and detection, bacteria launch programs of gene expression that underlie group

behaviors. Often, QS systems integrate information encoded in multiple autoinducers, which

presumably enables bacteria to monitor numbers of kin (intra-species QS), related family

members (intra-genera QS), and non-kin (inter-species QS) in the vicinal community [1,2].

The pathogen and model QS bacterium Vibrio cholerae has two known QS autoinducers:

cholera autoinducer-1 (CAI-1, (S)-3-hydroxytridecan-4-one) [3] and autoinducer-2 (AI-2,

(2S, 4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran borate) [4] (Fig 1). CAI-1 and AI-2 are

produced by the CqsA [5] and LuxS [6,7] synthases and detected by the trans-membrane

bound histidine sensor kinase receptors CqsS and LuxQ, respectively. LuxQ functions in con-

junction with the periplasmic binding protein LuxP [8,9]. Two other QS receptors, VpsS and

CqsR, have recently been identified but their ligands remain unknown [10,11]. All four QS

receptors are hybrid two-component sensor histidine kinases [12–14]. The V. cholerae system

functions as follows (see Fig 1): at LCD, in the absence of autoinducers, CqsS and LuxPQ act

as kinases and shuttle phosphate, via the phospho-relay protein LuxU, to the transcription fac-

tor called LuxO [15–17]. LuxO~P activates expression of genes encoding a set of small regula-

tory RNAs called Qrr1-4 [18]. Qrr1-4 post-transcriptionally control the fates of the mRNAs

encoding the two QS master transcription factors AphA and HapR. Specifically, the Qrr

sRNAs promote production of the LCD master regulator, AphA, and they repress production

of the HCD master regulator, HapR [19]. Thus, under this condition, bacteria enact behaviors

appropriate for the individual lifestyle. At HCD, CAI-1 and AI-2 bind to and agonize CqsS

and LuxPQ, respectively, converting them from kinases to phosphatases. LuxO is dephosphor-

ylated, which inactivates it [20,21]. The Qrr sRNAs are not made, and thus, AphA production

is not activated and HapR production is not repressed. HapR controls the expression of genes

necessary for group behaviors. Of note, HapR represses expression of genes required for viru-

lence factor production and biofilm formation [9,22–24]. Therefore, strategies that induce the

V. cholerae HCD state render the pathogen avirulent [9,11,25,26]. Indeed, successful synthetic

manipulation of V. cholerae QS through inhibition of LuxO has already been described [27].

Furthermore, commensal E. coli engineered to produce CAI-1 in the mouse intestine dramati-

cally reduce cholera toxin production, and consequently, the lethality of V. cholerae infection

[28].

LuxS and AI-2 are broadly distributed among bacteria and AI-2 is proposed to function in

inter-species communication [4,29]. By contrast, CAI-1 and CqsS are almost exclusively

restricted to vibrios suggesting they are used for intra-genus communication [3,30]. In V. cho-
lerae, the CAI-1-CqsS system plays the dominant role relative to the weaker AI-2-LuxPQ sys-

tem in directing V. cholerae QS-regulated gene expression, at least under laboratory conditions

[9]. Here, we explore natural and synthetic modulation of the V. cholerae CqsS receptor to
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Fig 1. Simplified V. cholerae QS circuit. At LCD, the transmembrane receptors CqsS (red) and LuxPQ (blue) act as kinases that autophosphorylate

and transfer phosphate, via LuxU, to LuxO. LuxO~P activates transcription of genes encoding the Qrr1-4 sRNAs. Qrr1-4 activate translation of

AphA and repress translation of HapR, which are, respectively, the major LCD and HCD transcription factors. At HCD, in the presence of the
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probe its overarching role in QS and to explore possibilities for synthetic manipulation of the

process. We find that there exist ~40 CqsS dimers per cell at LCD, and QS induces CqsS pro-

duction, which increases CqsS levels to ~170 dimers per cell during the LCD to HCD transi-

tion. By contrast, LuxQ levels remain unchanged as cells transition into QS-mode. The

consequence of increased production of CqsS during the QS transition in V. cholerae is to

enhance CAI-1 detection, which, as a result, dampens the response to AI-2. Indeed, phospha-

tase-active LuxQ receptors are incapable of overriding kinase-active CqsS receptors. Con-

versely, phosphatase-active CqsS receptors can supersede kinase-active LuxQ receptors. We

show that this feature of the network has important implications for the lifecycle of V. cholerae.

Specifically, the hapA gene, encoding the dissemination-promoting protease HapA, is highly

upregulated in response to CAI-1 but not in response to AI-2. Thus, V. cholerae is capable of

CAI-1-specific responses even though CqsS and LuxPQ signal through a common pathway.

With respect to CqsS function, we identify two classes of synthetic CqsS agonists. Remark-

ably, although CqsS exhibits exquisite selectivity for CAI-1 when presented with CAI-1 deriva-

tives [31], responding to only a restricted subset of closely related CAI-1 analogs [30], the

synthetic compounds we identify, while capable of potently agonizing CqsS, share no struc-

tural similarity to CAI-1. The synthetic agonists inhibit CqsS kinase activity, analogous to the

mechanism by which CAI-1 functions to control CqsS signal transduction. The synthetic com-

pounds display superior potency and efficacy compared to CAI-1 making them promising

leads for V. cholerae prophylactics and/or therapeutics.

Results

CqsS production increases at high cell density in V. cholerae

V. cholerae integrates sensory information from four receptors into a common, downstream

QS pathway [9,11]. This network architecture makes it difficult to understand how individual

autoinducers could produce unique QS responses. Here, we explore whether feedback operates

in V. cholerae QS which, if so, could provide a possible route to autoinducer-specific responses.

We first examined if either or both of the established V. cholerae receptors is controlled by QS

by measuring CqsS and LuxQ levels and activity over growth. We describe in detail the strategy

for assessment of CqsS. We used an exactly analogous strategy for analysis of LuxQ. We fused

a 3XFLAG epitope to the C-terminus of CqsS and used this construct to replace the native cqsS
gene on the V. cholerae chromosome. We verified that the CqsS::3XFLAG fusion functioned

properly by monitoring its ability to control the density-dependent expression of luciferase, a

heterologous QS reporter (Fig 2A). The V. harveyi luxCDABE operon is frequently used as a

convenient readout of QS-controlled gene expression in V. cholerae. Indeed, similar to WT V.

cholerae, in the V. cholerae strain carrying CqsS::3XFLAG, maximal light production occurred

following overnight growth (i.e., at HCD). Light output declined precipitously following dilu-

tion of the V. cholerae cells into fresh medium. Dilution reduces the autoinducer concentration

to below the threshold required for detection, thereby transitioning the cells into LCD mode.

During subsequent growth, autoinducers once again accumulate and are bound by their cog-

nate receptors. Signal transduction activates lux expression, and light production commences.

The canonical “U” shaped light production curve is the hallmark QS behavior (Fig 2A). Thus,

CAI-1 and AI-2 autoinducers, CqsS and LuxPQ are inhibited for kinase activity so they act as phosphatases that strip phosphate from LuxO via

LuxU. Dephosphorylated LuxO is inactive, Qrr1-4 sRNA are not transcribed, and therefore, HapR protein is produced while AphA protein is not.

HapR represses virulence factor production and biofilm formation. The figure shows the direction of phosphoryl flow in the LCD state. The CAI-1

and AI-2 structures are shown. VpsS and CqsR (gray) are two newly discovered receptors that act in parallel to CqsS and LuxPQ. The VpsS

and CqsR ligands are not known.

https://doi.org/10.1371/journal.pgen.1006826.g001
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Fig 2. CqsS production increases at high cell density. A) Light production from V. cholerae carrying WT CqsS (C6706str2,

circles) and CqsS::3XFLAG (AH330, squares) and the QS-controlled luxCDABE operon. Relative light units (RLU) are defined as

counts/min ml-1 per OD600. The panel shows representative data from n = 3 experiments. B) Quantitative western blot showing the

indicated amounts of purified CqsS protein (left) and the amounts of CqsS present in V. cholerae cells collected at the specified
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CqsS::3XFLAG functions like WT CqsS. We also deleted the genes encoding the other three

QS receptors (ΔcqsR ΔvpsSΔluxQ) and verified that, like WT CqsS, CqsS::3XFLAG could con-

trol gene expression when it was the only QS receptor present (S1A Fig).

We exploited the strain containing the CqsS::3XFLAG construct on the chromosome to

examine whether CqsS levels change during QS transitions. Quantitative western blotting (Fig

2B) and the corresponding analysis of the data (Fig 2C) show that CqsS::3XFLAG increases

from ~40 dimers per cell at LCD (OD600 = 0.2) to ~170 dimers per cell at HCD (OD600 = 2.0).

We could detect an increase in CqsS::3XFLAG at OD600 = 0.7, immediately prior to induction

of light production (Fig 2A and 2C) and CqsS levels steadily increased throughout growth. By

contrast, similar measurements examining a functional LuxQ::3XFLAG fusion (S1B Fig) show

that LuxQ::3XFLAG levels remain relatively unchanged throughout growth (Fig 2D and S2

Fig). Therefore, CqsS production increases during QS whereas LuxQ production does not.

An obvious mechanism that could underpin the increase in CqsS production that occurs

with increasing V. cholerae cell density is regulation of CqsS by QS. To investigate this possibil-

ity, we quantified CqsS::3XFLAG levels in V. cholerae QS mutants that are locked at LCD and

HCD. As mentioned above (and see Fig 1), LuxO functions as the QS signal integrator that is

phosphorylated and activated at LCD. LuxO D61E is a phosphomimetic allele that constitu-

tively activates expression of the qrr genes. Thus, LuxO D61E confers the LCD state irrespec-

tive of cell density due to Qrr-mediated activation of aphA and repression of hapR. Likewise,

the ΔhapR strain is locked in LCD mode. Conversely, the LuxO D61A allele cannot be phos-

phorylated so it is inactive and incapable of activating expression of the qrr genes. Thus, LuxO

D61A confers the constitutive HCD state and HapR is produced at all cell densities. Fig 2E and

S3A Fig show that, at LCD, the level of CqsS in the LuxO D61E and the ΔhapR strains is equal

to that in the WT whereas the LuxO D61A single and the LuxO D61A ΔhapR double mutants

possess increased CqsS relative to WT and the locked LCD mutants. Thus, CqsS is upregulated

in the absence of LuxO~P and in the absence of HapR. This result shows that regulation can-

not occur through HapR, but rather, control must be a consequence of LuxO~P-mediated

repression at LCD. We deleted aphA and there was no effect on CqsS production (S3B and

S3C Fig). Thus, regulation must occur via the Qrr sRNAs [32–35]. We note that in the HCD-

locked mutants, CqsS levels are upregulated 1.5-fold relative to WT, while CqsS levels in the

WT increase ~4-fold as cells transition from LCD to HCD. We suspect that accumulation of

autoinducer over time, which occurs in the WT but not in the locked mutants, is required for

full regulation of CqsS production.

We examined whether Qrr regulation of CqsS is direct or indirect using a CqsS-mKATE2

translational fusion in E. coli expressing inducible qrr4. We reasoned that, if CqsS production

is controlled by Qrr4, repression of CqsS-mKATE2 should occur when Qrr4 is induced. We

verified that our system works by showing that inducible Qrr4 is capable of repressing a previ-

ously-identified direct target, VCA0107-GFP [24]. However, no repression of CqsS-mKATE2

occurred following induction of Qrr4 (S4 Fig). This result, coupled with the fact that there is

OD600 (right). The bottom panel shows the RNA Pol α subunit loading control. Lysate from 0.045 OD600 of cells was loaded per

well. C) CqsS dimers per V. cholerae cell at the specified OD600 were quantified from panel B by dividing the number of CqsS

dimers in each sample by the cell density of the culture, which had been calculated from the colony forming units (CFUs). Error

bars represent standard errors of the mean. D) CqsS (closed circles) and LuxQ dimers (open circles) quantified from V. cholerae

strain AH420 (carries CqsS::3XFLAG and LuxQ::3XFLAG) during growth and normalized to the CqsS level at OD600 = 0.2, see S2

Fig. Error bars represent standard errors of the mean. E) Relative CqsS dimers per cell in the specified V. cholerae strains at LCD

(OD600 = 0.2) normalized to WT levels, see S3A Fig. Error bars represent standard errors of the mean. We note that these errors

are smaller than those shown in Fig 2C because they represent relative protein levels rather than absolute protein levels. All

experiments were performed three times.

https://doi.org/10.1371/journal.pgen.1006826.g002
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no obvious base-pairing region between the Qrr sRNAs and the CqsS mRNA, suggests that

Qrr regulation of CqsS is indirect.

Extracellular CAI-1 levels increase with increasing CqsS levels enabling

maximum induction of the V. cholerae QS response

Our next goal was to define the concentration of CAI-1 that induces the CqsS-directed QS

response to understand whether QS regulation of CqsS levels influences CAI-1 detection. It is

not possible to directly measure CAI-1-CqsS interactions because, like many multi-pass trans-

membrane proteins, CqsS has remained recalcitrant to purification and traditional biochemi-

cal analyses [31]. We reasoned that knowing the number of CqsS dimers/cell, the concentra-

tion of CAI-1 present in cell-free culture fluids, and the timing of QS induction would enable

us to infer the in vivo CAI-1:CqsS ratio required for QS activation. Our above data defined the

number of CqsS dimers/cell (Fig 2C). We quantified CAI-1 by comparing induction of V. cho-
lerae QS in response to cell-free culture fluids prepared from WT V. cholerae to induction in

response to known quantities of synthetic CAI-1 added to cell-free culture fluids prepared

from a ΔcqsA (CAI-1 synthase) mutant (S5 Fig). We could not accurately quantify CAI-1 by

mass spectrometry because, as has been reported previously, hydroxyketones are extraordi-

narily difficult to differentiate from fatty acids in organically-extracted cell-free culture fluids

[36]. We assayed the preparations on a V. cholerae ΔcqsA ΔluxQ mutant strain carrying lucifer-

ase. This strain makes no CAI-1 and it lacks the ability to respond to AI-2. Therefore, it acti-

vates light production exclusively in response to exogenously supplied CAI-1. We call this

strain the V. cholerae CAI-1 reporter strain. Using this strategy, we found that the concentra-

tion of CAI-1 in V. cholerae cell-free culture fluids increases from 27 nM at OD600 = 0.5 to 220

nM at OD600 = 2.0 (Fig 3A). CAI-1 was undetectable in our assay at OD600 < 0.5. Together,

the CqsS and CAI-1 quantitation allow us to estimate the CqsS:CAI-1 ratios at different cell

densities. CqsS levels of ~40 dimers per cell at OD600 = 0.2 and ~170 dimers per cell OD600 =

2.0 can be converted to 11 pM and 480 pM at those two cell densities, respectively. Therefore,

during the transition from LCD to HCD (i.e., above OD600 = 0.7), CAI-1 is always in at least a

450-fold molar excess relative to the CqsS receptor.

The cqsA gene is located adjacent to but in the opposite orientation of the cqsS gene on the

V. cholerae chromosome. Thus, their regulation is not obviously linked. Nonetheless, the

increase in CAI-1 over the course of growth could be a consequence of QS control of cqsA. To

test this possibility, cell-free culture fluids were harvested at LCD from the strains in Fig 2E.

Relative CAI-1 concentrations were determined by supplying them to the V. cholerae CAI-1

reporter strain and comparing bioluminescence output. The WT and the LuxO D61E mutant

had the same level of CAI-1 in their culture fluids (Fig 3B). The LuxO D61A mutant produced

~7-fold more. Deletion of hapR in the LuxO D61A background diminished induction com-

pared to the single LuxO D61A mutant. Nonetheless, the ΔhapR single and the LuxO D61A

ΔhapR double mutant strain still produced twice as much CAI-1 as the WT suggesting that the

increase in CAI-1 cannot stem fully from the loss of LuxO~P mediated repression of qrr
expression alone. Rather, the results suggest that CAI-1 production is both repressed by

LuxO~P at LCD, presumably via the Qrr sRNAs, and activated by HapR at HCD (Fig 3B).

To determine the concentration of CAI-1 required to induce QS in vivo, that is, in the pres-

ence of a functional LuxPQ pathway, we supplied synthetic CAI-1 to a V. cholerae ΔcqsA strain

carrying luciferase. Concentrations of CAI-1 above 200 nM fully induced QS, mimicking what

occurs in WT V. cholerae at HCD in response to endogenously-produced CAI-1 (Fig 3C).

Induction of bioluminescence occurred at a CAI-1 concentration of 50 nM, corresponding

roughly to the concentration of CAI-1 present in WT V. cholerae cell-free culture fluids at
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Fig 3. CAI-1 levels dictate the QS response in vivo. A) Concentration of CAI-1 in WT V. cholerae (AH330:

carries CqsS::3XFLAG) cell-free culture fluids at the specified OD600 calculated from a standard curve using
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which the QS response naturally initiates (compare data in Fig 3A and 3C). Concentrations of

CAI-1 below 50 nM failed to activate a QS response (Fig 3C). These results agree with the

reported 35 nM Kd of CAI-1 for CqsS [31]. We conclude that the CAI-1 ligand and the CqsS

receptor, at least under the conditions we tested, exist at levels within the range that ensures

high sensitivity to changing CAI-1 concentrations (S6 Fig).

Upregulation of CqsS production is driven by both CAI-1 and AI-2

We wondered what consequence feedback on CqsS and CAI-1 has on V. cholerae QS behavior.

To assess this, we measured QS induction in a V. cholerae ΔcqsA ΔluxS autoinducer synthase

mutant in the presence of one or both autoinducers using bioluminescence as the readout. The

double ΔcqsA ΔluxS autoinducer synthase mutant makes 100,000-fold less light than WT V.

cholerae following overnight growth (Fig 4A, black vs. white symbols and see S7A Fig). Addi-

tion of saturating AI-2 increased light production 100-fold at HCD (blue), whereas addition of

saturating CAI-1 induced WT levels of light (i.e., 100,000-fold induction; red). Simultaneous

addition of both CAI-1 and AI-2 induced light production earlier than did addition of CAI-1

alone (purple). Thus, CAI-1 plays the dominant role in driving QS induction, however,

together, the two autoinducers have a synergistic effect. We interpret these results to mean

that, in the absence of CAI-1, the phosphatase activity of AI-2-stimulated LuxQ cannot over-

ride the kinase activity of the unliganded CqsS receptor. By contrast, in the absence of AI-2,

the phosphatase activity of CAI-1-bound CqsS can overcome the kinase activity of the unli-

ganded LuxQ receptor. The presence of LuxQ kinase activity, however, delays induction of the

QS response to CAI-1 when it is the only autoinducer present.

Quantitation of CqsS levels in the above strains shows that the amount of CqsS protein in

the ΔcqsA ΔluxS mutant was significantly lower than that in WT at both LCD and HCD (Fig

4B). Addition of either AI-2 (blue) or CAI-1 (red) increased CqsS protein levels to nearly that

present in the WT at LCD and HCD. Simultaneous administration of both CAI-1 and AI-2

(purple) increased the CqsS levels to above WT levels, again both at LCD and HCD. These

data show that autoinducers control CqsS production via feedback and they act synergistically

to do so. Moreover, these data suggest that, even at LCD, V. cholerae can detect the presence of

either single autoinducer, and as a consequence, via feedback, increase CqsS production.

The feedback-driven increase in CqsS production that occurs at HCD should confer an

increase in CqsS-mediated dephosphorylation of LuxO~P relative to that mediated by LuxQ.

To examine the relative phosphatase activities of the QS receptors, we measured expression of

qrr4, the direct target of LuxO~P (S8 Fig). For this analysis, we employed a qrr4-luxCDABE
transcriptional fusion that is activated by LuxO~P at LCD. qrr4-luxCDABE expression was

50-fold higher in the locked LCD ΔcqsA ΔluxS double autoinducer synthase mutant than in

WT V. cholerae because LuxO is maximally phosphorylated in the double synthase mutant

(both CqsS and LuxQ are kinases) and maximally dephosphorylated in the WT (both CqsS

known quantities of synthetic CAI-1 (see S5 Fig). The experiment was performed in triplicate and error bars

represent standard errors of the mean. B) CAI-1 production was determined using the V. cholerae CAI-1

reporter strain WN1102 following administration of 30% cell-free culture fluids prepared from the specified V.

cholerae strains collected at LCD (OD600 = 0.2). Values were normalized to the bioluminescence emission

induced by WT cell-free culture fluids. The experiment was performed three times and error bars represent

standard errors of the mean. Unpaired student’s t test comparing WT to ΔhapR and WT to LuxO D61AΔhapR

produced p values of 0.0005 and 0.002, respectively. The differences between the WT and the LuxO D61E

values were not significant (p = 0.1223). C) Light production from WT V. cholerae (AH330, black) compared to

the cqsA mutant (AH370:ΔcqsA, carries CqsS::3XFLAG, white is the no-addition control) in response to the

indicated amounts of synthetic CAI-1 (multiple colors). Relative light units (RLU) are defined as counts/min ml-1

per OD600. The assay was repeated three times and the data shown are from a representative experiment.

https://doi.org/10.1371/journal.pgen.1006826.g003
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Fig 4. The CAI-1-CqsS system overrides the AI-2-LuxPQ system. A) Bioluminescence output from the QS-controlled

luxCDABE operon in WT V. cholerae (AH330: carries CqsS::3XFLAG, black) and the double autoinducer synthase mutant

(AH371: ΔcqsA ΔluxS, carries CqsS::3XFLAG, white) in response to AI-2 (blue), CAI-1 (red), or both AI-2 and CAI-1

(purple) at saturating 1 μM and 5 μM concentrations, respectively. Relative light units (RLU) are defined as counts/min ml-1

per OD600. The assay was repeated three times and the data shown are from one representative experiment. B) Western

blot quantitation of CqsS levels in the ΔcqsA ΔluxS V. cholerae strain AH371 normalized to WT AH330 levels, see S7B

Fig. Colors and treatments as in panel A. LCD and HCD conditions are OD600 = 0.2 and 2.0, respectively. All experiments

were performed in triplicate. Error bars represent standard errors of the mean.

https://doi.org/10.1371/journal.pgen.1006826.g004
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and LuxQ are phosphatases). Addition of saturating AI-2 and addition of saturating CAI-1 to

the ΔcqsA ΔluxS double autoinducer synthase mutant reduced qrr4-luxCDABE expression

2-fold and 20-fold, respectively. Importantly, CAI-1 had a 10-fold greater effect than did AI-2

showing that CqsS, the receptor that experiences positive feedback, has the stronger phospha-

tase activity. Addition of both autoinducers together further repressed qrr4-luxCDABE expres-

sion to WT levels, demonstrating the synergy between the two ligands (S8 Fig).

We suggest that CqsS exhibits stronger phosphatase activity on LuxO~P than does LuxQ

because QS-mediated positive feedback increases CqsS levels, making it the dominant recep-

tor. This hypothesis predicts that altering receptor ratios could transfer dominance to LuxQ.

To explore this prediction, we measured the QS output when chromosomal cqsS was placed

under the control of the luxPQ promoter. This arrangement reduced CqsS production by 80%

compared to when cqsS was expressed from its native promoter (S9A Fig). Under this condi-

tion, AI-2 caused premature induction of QS, and the AI-2 input-output range was expanded

relative to the AI-2 response shown in Fig 4B (S9B Fig). By contrast, CAI-1 was incapable of

inducing the premature response (S9B Fig). Together, these results highlight the importance of

receptor ratios in the proper control of QS behavior. Furthermore, the data show that, in WT

V. cholerae, positive feedback on CqsS dampens the response to AI-2.

The CAI-1-CqsS pathway controls expression of genes that are not

controlled by the AI-2-LuxPQ pathway

The differential QS induction that V. cholerae exhibits in response to CAI-1 versus AI-2 (see

Fig 4A) stems from the upregulation of the CAI-1-CqsS pathway that occurs during the QS

transition. Specifically, at LCD, there are roughly equal numbers of CqsS and LuxQ dimers

(CqsS:LuxQ = 0.7:1). Following the transition to HCD, the CqsS:LuxQ ratio increases to 2.5:1

(Fig 2D). We have shown that feedback onto CqsS enables it to disproportionately dephos-

phorylate LuxO~P (S8 Fig), which, consequently, must increase HapR levels. If so, QS-con-

trolled genes could be regulated exclusively by the CAI-1-CqsS pathway. To investigate this

notion, we measured expression of the QS-activated gene hapA [22,37]. hapA encodes a prote-

ase that is reported to be crucial for V. cholerae dissemination following infection [38,39]. We

used qRT-PCR to measure hapA transcript in HCD cultures of WT V. cholerae, the ΔhapR
mutant, and the ΔcqsA ΔluxS double autoinducer synthase mutant (Fig 5A). HapR activates

hapA expression, and consistent with this, the hapA transcript was nearly undetectable in the

ΔhapR strain (black). Likewise, the locked LCD double autoinducer synthase (ΔcqsA ΔluxS,

white) mutant in which HapR is not made (see Fig 1) produced levels of hapA transcript simi-

lar to the ΔhapR mutant. Addition of AI-2 to the ΔcqsA ΔluxS strain increased hapA expression

4-fold (blue) while addition of CAI-1 increased hapA transcript levels over 50-fold (red).

Simultaneous addition of both autoinducers (purple) increased hapA expression an additional

2-fold above that following addition of CAI-1 alone.

The above experiment, together with the results in S9B Fig, suggests that the stoichiometry

of QS receptors dictates the level of hapA expression. To verify this hypothesis, we exchanged

QS control of hapA from CqsS to LuxQ by deleting the genes encoding all of the QS receptors

except LuxQ (ΔcqsS ΔcqsR ΔvpsS). We quantified the levels of hapA in this strain, which we call

the LuxQ+ AI-2+ strain and compared them to a LuxQ+ AI-2- strain (ΔcqsS ΔcqsR ΔvpsSΔluxS)

that possesses LuxQ but cannot make AI-2 (Fig 5B). The LuxQ+ AI-2- strain had 44-fold less

hapA transcript than the LuxQ+ AI-2+ strain. Addition of AI-2 to LuxQ+ AI-2- strain increased

hapA expression 27-fold. Thus, AI-2 can control hapA, but only in the absence of CqsS. We

have used hapA as our representative test case. We reason that other QS-controlled genes

behave similarly [9,40–44]. This result suggests that QS control of receptor ratios dictates
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discrete gene expression patterns in V. cholerae at HCD, and the downstream effect is domi-

nated by CAI-1-CqsS.

Fig 5. The CAI-1-CqsS pathway controls specific genes. qRT-PCR of hapA at HCD (OD600 = 2.0) in: A)

WT (C6706str2), ΔhapR (MM239), and ΔcqsAΔluxS (MM914) V. cholerae strains and B) WT, LuxQ+AI-2+

(WN3627:ΔcqsS ΔvpsS ΔcqsR) and LuxQ+AI-2- (AH464:ΔcqsS ΔvpsS ΔcqsRΔluxS) strains. AI-2 and CAI-1

were provided at 1 μM and 5 μM, respectively. Means and standard errors of the mean for three independent

experiments are shown. Transcript levels were normalized to hfq mRNA.

https://doi.org/10.1371/journal.pgen.1006826.g005
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Synthetic compounds that are not structurally related to CAI-1 can

agonize V. cholerae CqsS

The above findings suggest that agonizing the major QS receptor CqsS could influence V. cho-
lerae dispersal, making CqsS an excellent target for small molecule manipulation. V. cholerae
CqsS responds to the cognate CAI-1 ligand (S)-3-hydroxytridecan-4-one and the close analogs

enamino-CAI-1 (Z)-3-aminotridecan-2-en-4-one and enamino-C8-CAI-1, made by related

vibrios [30]. However, CqsS does not activate QS in response to CAI-1 analogs with enlarged

head groups or shortened acyl tails [31]. We probed the limits of CqsS ligand detection by

assessing a library of synthetic compounds for CqsS agonism. We screened 352,083 com-

pounds at 20 μM for those that induced bioluminescence 10,000-fold in the double synthase

mutant (ΔcqsA ΔluxS) carrying luciferase. Putative hits were re-tested at a variety of concentra-

tions and active compounds were selected. We employed a secondary screen using the ΔcqsS
mutant carrying luciferase to identify the subset of active compounds that require CqsS for

function [27]. Nine compounds were identified that met these criteria. They were further sub-

divided into two groups (denoted 1A and 1B) based on their structures (Fig 6A and 6D). None

of the compounds share structural similarity with CAI-1.

Class 1A compounds are 5-aminotetrazole derivatives and all are more potent than CAI-1

(EC50 = 38 nM; Fig 6B) and all are equally efficacious as CAI-1 at agonizing CqsS (Fig 6A–6C).

The most potent compound in this class, compound #1, is ~10-fold more potent than CAI-1

with an EC50 = 4 nM (Fig 6C). Compound #3, in which the R2 ethyl group of compound #1 is

replaced by the longer propyl side chain, is approximately 4-fold less potent. Compound #6,

containing a free N-H at R2, loses all activity (S10 Fig), indicating an absolute requirement for

a substituent at the R2 position. This result could be due to either stereoelectronic or confor-

mational considerations; the limited dataset does not allow a deeper explanation. The R1 sub-

stituent has a minor effect on potency. The N,N-diethylanilino moiety appears to slightly

decrease potency relative to the pyrrolodino moiety (compound #2 vs. compound #3) while

the isopropyl group shows both a modest increase (compound #4 vs. compound #3) and a

slight reduction (compound #5 vs. compound #1) in activity relative to the pyrrolodino moi-

ety, depending on the nature of the R2 substituent. These results suggest that the aniline nitro-

gen present in compounds #1–3 is not crucial for activity. Class 1B molecules are biphenyl

amide derivatives, and all are less potent than CAI-1 (Fig 6D–6F). This initial dataset suggests

that cyclic R2 substituents on the secondary amide are preferred over acyclic ones (compare

compounds #8 and #10 vs. compound #7). In addition, substitution of a 2-pyridine ring in

place of the benzene ring at position R1 (compound #9) significantly diminished potency.

Synthetic CqsS agonists function by inhibiting V. cholerae CqsS kinase

activity

CAI-1 inhibits CqsS autokinase activity, whereas CqsS phosphatase activity is not altered by

CAI-1 binding [17]. Thus, in the unliganded state, CqsS kinase prevails, and in the CAI-

1-bound state, CqsS phosphatase activity dominates. We tested whether the newly identified

synthetic agonists functioned by the same mechanism. CqsS autophosphorylation can be

assayed using inverted membrane vesicles containing CqsS protein and measurements of

incorporation of 32P. Using a CqsS mutant that cannot transfer the phosphate to the receiver

domain (CqsS D618N), we can test the ability of the compounds to specifically inhibit CqsS

H194 phosphorylation. Similar to CAI-1, all of the synthetic agonists inhibited the first bio-

chemical reaction in signal relay: CqsS autophosphorylation (Fig 7A shows two representative

examples, one from Class 1A and one from Class 1B). Both classes of synthetic agonists, irre-

spective of whether their EC50’s are higher or lower than that of CAI-1, contain compounds
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Fig 6. Structures and activities of synthetic CqsS agonists. Structures (A and D), activities (B and E), EC50 values and 95%

confidence intervals (CI) (C and F) of Class 1A and Class 1B CqsS synthetic agonists, respectively. In panels B and E, light-production

from the V. cholerae CAI-1 reporter strain WN1102 is shown in response to increasing concentrations of CAI-1 (red) and the designated
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with higher efficacy than CAI-1. Specifically, Fig 7B shows that saturating CAI-1 inhibited

80% of WT CqsS autophosphorylation while compound #10 inhibited 90% and compound #1

inhibited 99% of the activity.

The finding that the synthetic compounds function by the same mechanism as CAI-1 to

control CqsS signal transduction was surprising given their varied structures relative to the

CAI-1 ligand. We therefore examined if the synthetic compounds required the putative CAI-1

binding site for activity. The CqsS F162A, CqsS F166L, and CqsS C170Y variants do not

respond to CAI-1 [31]. These amino acid residues are presumed to directly interact with the

CAI-1 ligand because changes in the CAI-1 structure that render it inactive can be compen-

sated by companion changes in these key amino acid residues. Specifically, if a bulky moiety is

exchanged for a small entity on the CAI-1 ligand, replacing a small amino acid with a bulky

one in the CqsS ligand-binding site restores activity, and vice versa. This previous chemical-

genetics analysis led to the understanding that in CqsS, F162 and F166 specify the CAI-1 head

group and C170 determines the CAI-1 tail length [31]. We used this set of CqsS mutants to

explore the requirements for synthetic agonist activity. To do this, we assayed CqsS-directed

repression of Qrr4-GFP production. As a reminder, at LCD, when CqsS is unliganded, phos-

pho-relay to LuxO activates Qrr production. At HCD, CAI-1 binding to CqsS terminates Qrr

production (see Fig 1 and S8 Fig). Thus, reduced Qrr4-GFP production corresponds to CqsS

agonism via inhibition of autokinase activity.

CqsS F162A and CqsS C170Y could not be agonized by either class of synthetic compounds

discovered here: Qrr4-GFP production remained constant and at high levels even when the

compounds were provided at 1 μM (Fig 7C). Therefore, these residues are crucial for synthetic

compound detection. Conversely, CqsS F166L, while nearly impervious to CAI-1, repressed

Qrr4-GFP production in response to both Class 1A and 1B compounds, suggesting that F166

is dispensable for signaling by these particular synthetic compounds (Fig 7C). We conclude

that the synthetic agonists suppress CqsS kinase activity by employing the native ligand-bind-

ing site. The synthetic agonists may make other interactions with CqsS, distinct from those

made by CAI-1, that enable potent binding while eliminating the requirement for the F166

residue.

Discussion

V. cholerae integrates the information contained in the intra-genus autoinducer CAI-1 and the

inter-species autoinducer AI-2 into a shared QS pathway via modulation of the kinase:phos-

phatase activities of the CqsS and LuxQ receptors, respectively [9]. Deducing the ratio of CAI-

1:AI-2 could inform V. cholerae about whether it is the majority or minority species in the

environment. We presume that it would be beneficial for V. cholerae to exhibit distinct behav-

iors depending on whether or not it predominates in any particular consortium. Here, we

show that a QS-mediated positive feedback loop promotes increased production of CqsS, but

not LuxQ during the QS transition from LCD to HCD. CqsS increases from ~40 dimers per

cell at LCD (OD600 = 0.2) to ~170 dimers per cell at HCD (OD600 = 2.0), which translates to a

change from 11 pM to 480 pM in the culture. We find that CAI-1 production is similarly upre-

gulated, with levels increasing from 27 nM to 220 nM from LCD (OD600 = 0.5) to HCD

(OD600 = 2.0). Concentrations of CAI-1 that highly exceed those of the CqsS receptor during

the transition from LCD to HCD make the increase in CqsS levels inconsequential with respect

synthetic compounds. The reported EC50 for CAI-1 is 35 nM [31], we measure it here to be 38 nM. Relative light units (RLU) are defined as

counts/min ml-1 per OD600. All experiments were performed in triplicate. Error bars showing standard errors of the mean are present, albeit

small, in panels B and E.

https://doi.org/10.1371/journal.pgen.1006826.g006
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Fig 7. Synthetic agonists inhibit CqsS autophosphorylation. A) Inhibition of autophosphorylation of CqsS

D618N by 1 μM CAI-1 (red), Class 1A compound #1 (gray), and Class 1B compound #10 (white). Reactions were

subjected to gel electrophoresis and each gel contained an independent DMSO control. Gels from a single

experiment were exposed simultaneously. Band intensities for CqsS D618N~P were normalized to the maximum
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to the ability of the receptor to detect CAI-1. A previous study examining yeast strains contain-

ing different so-called secrete-and-sense circuits concluded that cells exhibiting high receptor

levels relative to ligand levels were “asocial” because they capture their own ligand, which pre-

vents neighboring cells from detecting released ligand [45]. By contrast, cells with low receptor

levels coupled with high ligand secretion rates favored social communication by preventing

“self-communication.” Such logic could apply to the V. cholerae QS CqsS receptor.

Our results suggest that the crucial consequence of positive feedback on CqsS is to alter the

potency of CAI-1-driven intra-cellular signaling relative to that driven by AI-2, which enables

CAI-1-specific QS outputs. Similar to what we show here for hapA, CAI-1-specific regulation

in V. cholerae has been reported previously for the heterologous bioluminescence readout, for

biofilm formation, and for chemotaxis [9,43,44]. Here, we have defined the mechanism: asym-

metric positive feedback onto CqsS underlies these observations. This feature of the QS archi-

tecture could be applicable to other genes in the QS pathway and to other signal transduction

systems responsive to multiple inputs in which information is funneled internally through par-

allel pathways.

Receptor ratio modulation should have specific consequences for how effectively V. cho-
lerae monitors its cell density in mono-culture and in mixed-species communities. We take

the case of mono-culture first: at LCD, V. cholerae possesses low, but approximately equal

numbers of CqsS and LuxQ dimers which fosters roughly equal sensitivity to the CAI-1 and

AI-2 signal inputs. Under this condition, exogenous addition of either single autoinducer fails

to prematurely induce any QS output whereas simultaneous addition of CAI-1 and AI-2

launches the QS response (Fig 4A). We attribute the lack of response to either individual auto-

inducer to the overriding kinase activity of the remaining, unliganded receptor. Such an

arrangement could protect the system from transient fluctuations in a single autoinducer.

Insulation of the QS response from premature activation due to information flowing through

a single channel has been reported previously [11,46] and could be a conserved attribute of vib-
rio QS circuits, which, as far as is known, all have similar network architectures. Consistent

with this idea, we found that overexpression of cqsS in a ΔcqsA strain resulted in a severe

growth defect when exogenous CAI-1 was supplied. We suspect that it is crucial to maintain

low CqsS levels at LCD because the mis-regulation of a downstream QS target(s) under this

condition is lethal. We are currently investigating the mechanism underpinning the LCD

growth defect.

With respect to receptor ratios at HCD in V. cholerae mono-cultures, here we find that a

mechanism exists to ensure an asymmetric increase in production of CqsS relative to LuxQ

during the transition into QS mode. Previously, receptor ratio modulation was studied in the

related bacterium, V. harveyi. V. harveyi employs three autoinducer-receptor pairs and pos-

sesses a feedback loop controlling receptor levels for the AI-1-LuxN pathway, a pathway that

does not exist in V. cholerae [47,48]. Positive feedback on LuxN increased the AI-1 input

range, allowing V. harveyi to enhance its sensitivity to AI-1 relative to AI-2 (and presumably

CAI-1, but that was not explicitly tested) at HCD [49,50]. Our results support this notion:

phosphorylation in presence of DMSO (black), see S11A Fig. Experiments were performed in triplicate and error

bars represent standard errors of the mean. B) Concentration-dependent inhibition of WT CqsS autophosphorylation

by CAI-1 and representative synthetic agonists, see S11B Fig. Experiments were performed in duplicate and error

bars represent standard errors of the mean. C) CqsS-dependent repression of qrr4-gfp expression following addition

of DMSO, 1 μM CAI-1, compound #1, or compound #10 when WT CqsS or the designated CqsS variant is present in

V. cholerae. Experiments were performed in triplicate and error bars represent standard errors of the mean. We note

that slightly different EC50/IC50 values are obtained in the two assays used in this figure and in the bioluminescence

assay used in Fig 6B and 6E. Different EC50 values are obtained because the QS components measured in the

assays function in different tiers of the cascade and are related in a non-linear fashion.

https://doi.org/10.1371/journal.pgen.1006826.g007
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positive feedback on CqsS in V. cholerae likewise diminishes the relative sensitivity to AI-2 at

HCD. Here we find that this feature of the network endows V. cholerae with the ability to con-

trol genes exclusively in response to one particular autoinducer, CAI-1, and indeed, CAI-1

alone is capable of fully launching the V. cholerae QS response (Figs 4 and 5). This finding dif-

fers fundamentally from what was shown in V. harveyi: the V. harveyi QS response cannot be

fully induced unless all autoinducers are present [40,46]. We know that, in the absence of the

CqsS receptor, AI-2 signaling through LuxQ can fully induce the V. cholerae QS response (Fig

5B). Thus, the asymmetry in CAI-1 response that we discovered stems exclusively from posi-

tive feedback on CqsS which changes the stoichiometry of the two major QS receptors [49–

53]. Biasing the system to favor the intra-genus CAI-1 autoinducer at HCD could be a type of

kin-discrimination, ensuring that expensive public goods are not produced until sufficient

numbers of kin are present [54].

Now we consider the consequences of feedback on CqsS for V. cholerae in multi-species

consortia. The V. cholerae lifecycle involves transitions between the human host and the

aquatic environment [55–57]. We first consider the case in the environment. If V. cholerae is

at LCD and other vibrios are present, V. cholerae should rapidly launch its QS cascade because

other vibrios produce AI-2 and different CAI-1 moieties. V. cholerae CqsS responds to CAI-1,

enamino-CAI-1 (Ea-CAI-1), and Ea-C8-CAI-1. Common marine vibrio species produce these

molecules [30]. Thus, if other vibrio species are present, both autoinducer signals could be

present, which is the necessary condition to enable rapid activation of the V. cholerae QS sys-

tem. Presumably, vibrios that use the same autoinducer and share a niche could more success-

fully colonize habitats via coordinated production of public goods. We predict that this feature

could be useful in enabling V. cholerae, together with its close vibrio relatives, to efficiently col-

onize marine hosts such as copepods, algae, and fish [56,58–61].

We consider the scenario in which V. cholerae enters a multi-species environment devoid

of vibrios: the human host. In this case, we expect AI-2 to be the predominant signal encoun-

tered since AI-2 is broadly made by bacteria [29,62–64]. V. cholerae should not react to AI-2

because, as we have shown, at LCD, the V. cholerae QS system is impervious to any single auto-

inducer. Under this condition, as V. cholerae grows within the consortium, the CAI-1 concen-

tration should track with increasing V. cholerae cell density since, presumably, only V. cholerae
is contributing CAI-1 to the human host milieu. By contrast, AI-2 should accumulate dispro-

portionately relative to V. cholerae cell numbers. As V. cholerae reaches HCD, biasing the

response to CAI-1 via feedback on CqsS would inflate the ability of V. cholerae to detect num-

bers of its kin within a mixed-species community. Indeed, feedback on the V. harveyi AI-

1-LuxN pathway was proposed to allow V. harveyi to “pay more attention” to AI-2 at LCD and

to AI-1 at HCD [49,50]. Our results with V. cholerae are similar with respect to CAI-1 (Fig

4A).

Now we put the above results into the context of infection. V. cholerae presumably enters

the host in the LCD QS state and so it is in biofilm-formation-mode and actively producing

virulence factors [9,22,43] (see Fig 1). We presume this genetic program primes V. cholerae for

successful infection. Upon entrance into the small intestine, V. cholerae likely encounters a

bolus dose of AI-2 but that does not affect biofilm formation or virulence factor expression

since both CAI-1 and AI-2 are required at LCD to alter the QS response. We suggest that this

arrangement allows V. cholerae to delay launching its dispersal program until it has grown to

significant cell numbers in the host [65]. Positive feedback onto CqsS, however, ensures that

once launched, V. cholerae remains committed to the dispersal program by exaggerating its

response to CAI-1 irrespective of whether AI-2 levels are high or low or fluctuating. We do

note that high AI-2 levels would intensify the expression of the V. cholerae HCD program.

Importantly, accumulation of the threshold CAI-1 concentration required for the QS response
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would be the key event that signifies the completion of the infection cycle since CAI-1 alone is

sufficient to cause a QS response while AI-2 cannot trip the system in the absence of CAI-1.

The CqsS-dominated QS system of V. cholerae makes CqsS a possible target for small mole-

cule manipulation. Here, we have identified two classes of CqsS synthetic agonists. While they

are structurally dissimilar from the native CAI-1 autoinducer, they inhibit CqsS H194 autop-

hosphorylation similarly to CAI-1. Interestingly, some of the synthetic agonists can inhibit

CqsS autophosphorylation more effectively than can the native CAI-1 autoinducer. Conceiv-

ably, such a CqsS agonist could more potently and more prematurely induce QS than does

CAI-1 resulting in the execution of the V. cholerae host-dispersal program. Thus, small mole-

cule CqsS agonists could be envisioned as treatments or preventatives for cholera disease, espe-

cially in the presence of microbiota-produced AI-2.

Collectively, the results presented in this work support the growing hypothesis that bacteria

have mechanisms to uncouple some behaviors from the bulk of the QS-controlled gene expres-

sion program, and in so doing, uncouple a portion of the QS response from the constraint of

strict cell-density dependence. Pseudomonas aeruginosa uses two autoinducers with distinct

decay rates to accomplish this feat [66]. The alternative VqmR/VqmA QS pathway in V. cho-
lerae responds to a microbiota-produced cue called DPO to control biofilm production inde-

pendently of the genes controlled by the canonical QS signal transduction pathway discussed

here [67]. In addition, receptor ratio regulation could provide a mechanism for V. cholerae to

distinguish when it is a majority species in a consortium and, in response, to control a subset

of QS target genes. We expect that such information-processing features embedded in larger

QS circuits provide plasticity to the systems enabling bacteria to more successfully and appro-

priately orchestrate group behaviors.

Materials and methods

Bacterial strains, culture conditions, and chemical methods

All V. cholerae strains are derived from wild-type C6706str2 [68]. E. coli S17-1 λpir was used

for cloning and E. coli C43 (DE3) was used for protein overexpression. V. cholerae and E. coli
were grown in LB medium at 37˚C with shaking. Bioluminescence assays were conducted in

SOC medium supplemented with tetracycline. Antibiotic concentrations used are as follows:

ampicillin, 100 mg/L; kanamycin, 100 mg/L; chloramphenicol, 10 mg/L; tetracycline, 10 mg/L;

streptomycin, 5 g/L; polymixin B, 50 U/L. Chemical syntheses of CAI-1 and AI-2 have been

described [3,31,69,70]. To identify CqsS agonists, the Broad Institute’s 352,083 compound

library was screened as described [27,71].

DNA manipulation and mutant construction

Alterations to the V. cholerae genome were generated using the pKAS32 allelic exchange method

[72]. Construction of 3XFLAG fusions on pKAS32 plasmids was accomplished via splicing by

overlap extension at the C-termini. In all strains carrying CqsS::3XFLAG in which cqsA was also

mutated (AH366, AH367, AH370, AH371, and AH468), the cqsS gene was first fused to 3XFLAG
on the chromosome. cqsA was next disrupted by deleting a T (TTT to AA-) in codon 9, the conse-

quence of which, was introduction of a stop codon at codon 14. These strains are used in Fig 3,

Fig 4, S7 Fig and S9 Fig. In those figure panels, for simplicity, we call the cqsA mutation ΔcqsA.

The CqsS::3XFLAG overexpression vector was constructed by overlap extension PCR from the

pET21b plasmid containing the gene encoding CqsS::6XHis [17]. The LuxQ::3XFLAG overex-

pression vector was constructed by amplifying luxQ from the genome of a V. cholerae strain

(AH420) carrying luxQ::3XFLAG by exploiting flanking 5’ NcoI and 3’ BamHI sites. The insert

was ligated into similarly digested pET21b. The NcoI site introduced a mutation (D2N) into the
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gene. It was corrected with using Quikchange II XL Site-Directed Mutagenesis (Stratagene). PCR

reactions used iProof DNA polymerase (Bio-Rad).

Quorum-sensing assays

To quantify the function of the CqsS::3XFLAG construct in V. cholerae, overnight cultures of

V. cholerae strains carrying luxCDABE were diluted to OD600 = 0.005 in fresh medium and

grown at 30˚C with shaking. Every hour, bioluminescence and OD600 were measured on a Tri-

Carb 2810 TR scintillation counter and DU800 spectrophotometer, respectively. Samples with

OD600 > 0.7 were back-diluted 10-fold prior to analysis to ensure measurements could be

made within the linear range of the spectrophotometer. CAI-1 was dissolved in DMSO and

AI-2 was dissolved in water. The autoinducers were added at the indicated concentrations at

the time of dilution. DMSO was used as the negative control and 100 μM of boric acid was

added to cultures containing AI-2.

For relative CAI-1 activity assessment, an overnight culture of the V. cholerae CAI-1 reporter

strain (WN1102: ΔcqsA, ΔluxQ/pBB1) was diluted 1:10 into sterile medium and 30% (v/v) cell-

free culture fluids prepared from the indicated V. cholerae strains were added to the diluted

reporter strain. The plasmid pBB1 carries the V. harvyei luxCDABE genes. Bioluminescence and

OD600 were measured after the cultures were incubated at 30˚C for 2.5 h with shaking. To quan-

tify absolute CAI-1 concentration, the bioluminescence from the CAI-1 reporter strain supple-

mented with 30% cell-free culture fluids from WT V. cholerae was compared to the biolumines-

cence from the reporter strain supplemented with known concentrations of synthetic CAI-1 in

30% cell-free ΔcqsA V. cholerae cell-free culture fluids. DMSO was added to the cell-free WT cul-

ture fluids as a negative control. The concentration of endogenously produced CAI-1 in the cell-

free culture fluids was extrapolated from the log (agonist) vs. response variable slope calculation

for the synthetic CAI-1-directed bioluminescence output using Prism software.

The relative phosphatase activities of the QS receptors were measured in WT V. cholerae
and in the ΔcqsA ΔluxS double autoinducer synthase mutant using a qrr4-luxCDABE tran-

scriptional fusion. Overnight cultures were diluted 1:20 in fresh medium in the presence and

absence of exogenous autoinducers and incubated 4 h at 30˚C with shaking. Bioluminescence

was measured on a Tri-Carb 2810 TR scintillation counter. Bioluminescence was normalized

to OD600, which was measured on a DU800 spectrophotometer.

To determine the EC50 of synthetic CqsS agonists, the CAI-1 reporter strain WN1102 was

diluted 1:20 in fresh medium. The indicated concentrations of CAI-1 or synthetic agonist were

added in triplicate to 96-well plates and incubated for 4 h at 30˚C with shaking. Biolumines-

cence and OD600 were measured on an Envision 2103 Multilabel Reader (Perkin Elmer). We

note that the baseline for bioluminescence is lower on the plate reader compared to that from

the scintillation counter. We use relative light units rather than absolute light output, which

circumvents issues arising from the different sensitivities of the instruments. The EC50 of each

compound was calculated using Prism software. To assess the ability of synthetic agonists to

control QS genes, we used a qrr4-gfp construct in an assay that has been described [31].

To assay qrr4 regulation of cqsS, the relative fluorescence of translational fusions

(VCA0107B-GFP and CqsS-mKATE2) was measured in E. coli BWR1. E. coli carrying one of

these plasmids also contained either an empty plasmid (pZA31) or pZA31 carrying anhydrous

tetracycline-inducible qrr4. Qrr4-mediated repression of CqsS-mKATE2 was assessed. VCA0107-

GFP is a known Qrr4-repressed target and was used as a positive control to show the system was

functional. Overnight cultures were diluted 1:50 into fresh medium and aliquotted in triplicate

into 96 well plates. Concentrations of anhydrous tetracycline from 0.4 to 100 ng/μl were added to
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induce qrr4 expression and the plates were incubated overnight at 30˚C with shaking. OD600 and

fluorescence were assessed using an Envision 2103 Multilabel Reader (Perkin Elmer).

Preparation of CqsS inverted membrane vesicles

E. coli C43 (DE3) harboring pET21b plasmids carrying CqsS::6XHis or CqsS::6XHis D618N

[17] were grown at 37˚C with shaking in LB supplemented with kanamycin. Overnight cul-

tures were diluted 1:100 in fresh LB with kanamycin and grown at 37˚C with shaking for 3 h.

Protein production was induced by the addition of 300 μM IPTG followed by growth over-

night at 18˚C with shaking. Cells were harvested by centrifugation at 5,000 g for 20 min, resus-

pended in lysis buffer (50 mM Tris pH 8.0, 200 mM NaCl, 5 mM MgCl2, complete mini

EDTA-free protease inhibitor (Roche, #11836170001)), and lysed under 15,000 psi with a

high-pressure pneumatic high shear fluid processor (Microfluidics, M-110Y). Cell lysates were

clarified at 9,300 g for 30 min and the clarified supernatant was subjected to ultra-centrifuga-

tion at 180,000 g for 1 h. Membrane pellets were resuspended in kinase buffer (50 mM Tris pH

8.0, 100 mM KCl, 5 mM MgCl2, 10% (v/v) glycerol) and the CqsS proteins were quantified by

western blot using CqsS::6XHis protein purified in detergent as the standard (see below).

Phosphorylation assays were performed using inverted membrane vesicles containing 10 μM

of WT CqsS or CqsS D618N protein as described [17].

CqsS and LuxQ purification

To purify CqsS::3XFLAG protein, inverted membrane vesicles were prepared and following

the ultra-centrifugation step, membrane pellets were resuspended in membrane extraction

buffer (20 mM Tris pH 8, 100 mM NaCl, 20% (v/v) glycerol) and solubilized by rocking with

2% foscholine-12 (FC12: Avanti, #29557-51-5) at 4˚C for 2 h. Solubilized membranes were

incubated with M2 FLAG resin (Sigma-Aldrich, A2220) at 4˚C for 2 h. Solubilized membranes

were separated from the resin using gravity flow. The flow-through was passed over the resin

twice more, and finally, the resin was washed with 10 column volumes of wash buffer (50 mM

Tris pH 7.4, 150 mM NaCl, 0.2% FC12) and the protein was eluted with elution buffer (0.1 M

glycine pH 3.5, 0.2% FC12). The eluted fractions were neutralized with 2% (v/v) 1 M Tris pH

8.0. Protein concentration was determined by Bradford assay (ThermoFisher, #23246), purity

is shown in S12 Fig. LuxQ::3XFLAG was purified by the identical procedure.

CqsS::6XHis protein in detergent was purified as follows: Solubilized membranes were

incubated with nickel resin (Qiagen, #30410) at 4˚C for 2 h followed by separation from the

resin using gravity flow. The flow-through was passed over the gravity column once again, and

after that, the resin was washed with 10 column volumes of nickel binding buffer (20 mM Tris

pH 8, 20 mM imidazole, 300 mM NaCl, 10% (v/v) glyercol, 4 mM 2-mercaptoethanol, 0.2%

FC12) and the protein was eluted with 400 mM imidazole. Imidazole was removed by gel fil-

tration on an S200 column with 20 mM Tris pH 8 buffer containing 150 mM NaCl, 5% (v/v)

glycerol, 1 mM Tris-(2-carboxyethyl) phosphine (TCEP) and 0.2% FC12. Protein concentra-

tion was determined by Bradford assay (ThermoFisher, #23246).

Quantitative immunoblotting

The number of CqsS dimers per V. cholerae cell was calculated by quantifying the concentra-

tion of CqsS per cell and converting it to dimer number. Cell density was determined by dilut-

ing and plating cultures on LB agar in triplicate. Aliquots of WT or mutant V. cholerae strains

carrying CqsS::3XFLAG were subjected to centrifugation for 15 min at 8,000 g and the result-

ing pellets were flash frozen. The cells in the pellets were lysed for 10 min at 25˚C by resus-

pending in 100 μl Bug Buster (Novagen, #70584–4) supplemented with 0.5% Triton-X, 50 μl/
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ml lysozyme, 25 U/mL benzonase, and 1 mM phenylmethylsulfonyl fluoride (PMSF) per 1.0

OD600 of pelleted culture. Protein from the cell lysate was solubilized with SDS-PAGE buffer

for 1 h at 37˚C. Various amounts of the samples were loaded onto 4–20% Mini-Protein TGX

gels (Bio-Rad, #456–1096) alongside known amounts (0.06–2 ng) of detergent-purified

CqsS::3XFLAG for comparison. The samples were electrophoresed for 1.5 h at 100 v. Proteins

were transferred from the gels to PVDF membranes (Bio-Rad, #162–0174) for 1 h at 4˚C at

100 v in 25 mM Tris buffer, 190 mM glycine, 20% methanol. Membranes were blocked for 1 h

in 5% milk, washed 3 times with TBST (140 mM NaCl, 20 mM Tris-HCl pH 7.6, 0.1% Tween)

and incubated for 1 h with 0.2 μg/ml monoclonal Anti-FLAG-Peroxidase antibody (Sigma,

A8592) in TBST with 3% BSA (Sigma, A3059). After washing three times with TBST, mem-

branes were exposed using the Amersham ECL western blotting detection reagent (GE Health-

care, RPN2106) for 40 s. Linear regression analysis of band intensity (volume) of detergent-

purified CqsS::3XFLAG was performed for each gel to calculate the amount of CqsS in the

band from the V. cholerae samples. Protein amount was converted to molarity using the MW

of the CqsS::3XFLAG construct of 83.61 kDa. The CqsS concentration and the cell density of

each V. cholerae sample were used to estimate CqsS dimers per cell.

qRT-PCR analyses

V. cholerae overnight cultures were back-diluted 1:100 into fresh medium and grown to OD600 =

2.0. Autoinducers were added at the indicated concentrations at the time of dilution. RNA was har-

vested from three independent cultures using the RNeasy mini kit (Qiagen, #4104) and cDNA was

generated as described [73] with SuperScript III reverse transcriptase (Invitrogen, #18080–044)

using 1.5 μg of RNA. Real-time PCR analyses were performed as described [73] using a QuantStu-

dio 6 Flex Real-Time PCR detection system (ThermoFisher) and the Sybr Green mix (Quanta,

#95074). Quadruplicate technical replicates for each experiment were analyzed by a comparative

CT method (Applied Biosystems) in which the relative amount of hapA [74] was normalized to the

internal hfq control RNA to determine the relative RNA levels. hapA transcript levels in V. cholerae
mutants were normalized to WT levels.

Supporting information

S1 Data. Numerical data for Figs 2A, 2C, 2D, 3, 4, 5, 6B, 6E and 7.

(XLSX)

S2 Data. Numerical data for S1, S3C, S4, S5, S6, S7, S8, S9 and S10 Figs.

(XLSX)

S1 Table. Strains used in this study.

(TIFF)

S2 Table. Primers used in this study.

(TIFF)

S1 Fig. CqsS::3XFLAG and LuxQ::3XFLAG are functional. Light production from a V. cho-
lerae strain lacking all QS receptors (WN3360: ΔluxQ ΔcqsS ΔvpsSΔcqsR, black squares in both

panels) compared to V. cholerae strains with the gene encoding the following receptor at its

endogenous location in the chromosome: A) CqsS (WN3651, black circles) or CqsS::3XFLAG

(AH408, white circles) or B) LuxQ (WN3649, black circles) or LuxQ::3XFLAG (AH403, white

circles). All strains carry the QS-controlled luxCDABE operon. Relative light units (RLU) are

defined as counts/min ml-1 per OD600. The figure shows representative data from n = 3
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experiments.

(TIFF)

S2 Fig. CqsS::3XFLAG and LuxQ::3XFLAG protein levels over growth. Representative west-

ern blot showing the amounts of CqsS::3XFLAG and LuxQ::3XFLAG in V. cholerae cells

(strain AH420) collected at the specified OD600 in three independent experiments. Lysate from

0.06 OD600 of cells was loaded per well.

(TIFF)

S3 Fig. Levels of CqsS::3XFLAG protein in WT V. cholerae and QS mutants at LCD. A and

B) Representative quantitative western blots showing the indicated amounts of purified CqsS

protein (left-most lanes) and the CqsS present in the specified V. cholerae strains at OD600 =

0.2. To assess CqsS levels in cells, lysate from 0.06 OD600 of cells was loaded per well. C) Rela-

tive CqsS dimers per cell in the V. cholerae strains from panel B at LCD (OD600 = 0.2) normal-

ized to WT levels. Experiments were performed in quadruplicate and error bars represent

standard errors of the mean.

(TIFF)

S4 Fig. Qrr4 indirectly regulates cqsS. Fluorescence from plasmid-encoded VCA0107-GFP

(circles) [24] and CqsS-mKATE2 (squares) was measured in E. coli. Either an empty vector

(pZA31-lucNB, black) or pZA31-lucNB carrying tetracycline-inducible qrr4 (pYS245, red)

[24] was present in each strain. VCA0107 encodes a type VI secretion system component that

is regulated by Qrr4. Data represent two experiments conducted in triplicate. Error bars repre-

sent standard errors of the mean.

(TIFF)

S5 Fig. Synthetic CAI-1 standard curve used to quantify CAI-1 concentrations in V. cholerae
cell-free culture fluids. Representative bioluminescence output from the V. cholerae CAI-1

reporter strain WN1102 in response to the indicated amounts of synthetic CAI-1. The CAI-1

concentration in cell-free culture fluids was extrapolated using the Prism software calculation

log (agonist) vs. response. Relative light units (RLU) are defined as counts/min ml-1 per OD600.

(TIFF)

S6 Fig. CqsS receptor occupancy at different CAI-1 concentrations. A) The receptor occu-

pancy equation used to calculate the amount of CqsS bound by CAI-1 with RL (ligand-bound

receptor), RTOT (total receptor), L (ligand concentration) and Kd. B) Theoretical ratio of

bound CqsS receptor as a function of CAI-1 concentration. The Kd for CAI-1 binding to CqsS

has been reported to be 35 nM [31]. We verified this finding (see Fig 6 of the main text): we

measured the Kd to be 38 nM and we used that value for the calculation shown in this plot and

for all calculations in the main text.

(TIFF)

S7 Fig. Effect of autoinducers on CqsS protein levels. A) Light production from the V. cho-
lerae double synthase mutant (AH371: ΔcqsA ΔluxS, carries CqsS::3XFLAG) harboring the lux-
CDABE operon is shown in response to increasing concentrations of CAI-1 (red) and AI-2

(black). This experiment was performed in triplicate and standard errors of the mean, albeit

small, are shown. Relative light units (RLU) are defined as counts/min ml-1 per OD600. B) Rep-

resentative western blot showing CqsS levels in WT (AH330, carries CqsS::3XFLAG) V. cho-
lerae and the ΔcqsA ΔluxS strain AH371 (carries CqsS::3XFLAG) at OD600 = 0.2 (LCD) and 2.0

(HCD). AI-2 and CAI-1 were provided at 1 μM and 5 μM, respectively. Twice as much LCD

than HCD lysate was loaded to ensure band intensities were within the linear range of
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detection.

(TIFF)

S8 Fig. CAI-1 is more effective than AI-2 in repression of Qrr4. Bioluminescence from a

qrr4-luxCDABE transcriptional fusion in WT (black) and in ΔcqsA ΔluxS (white) V. cholerae,

the latter in the presence of AI-2 (blue), CAI-1 (red) or both autoinducers (purple) at saturat-

ing 1 μM and 5 μM concentrations, respectively. The experiment was performed in triplicate

and standard errors of the mean are shown.

(TIFF)

S9 Fig. The V. cholerae QS response to AI-2 increases when LuxPQ is the dominant receptor.

A) Relative receptor ratios in V. cholerae cells carrying CqsS::3XFLAG and LuxQ::3XFLAG

when cqsS is driven by its endogenous promoter, PcqsS-CqsS::3XFLAG (strain AH420, black),

and when cqsS is driven by the luxPQ promoter, PluxPQ-CqsS::3XFLAG (AH466, white). Data

show duplicate samples and error bars represent standard errors of the mean. B) Biolumines-

cence output from the QS-controlled luxCDABE operon in WT V. cholerae (AH330: carries

PcqsS-CqsS::3XFLAG, black) and in the double ΔcqsAΔluxS autoinducer synthase mutant with

cqsS driven by the luxPQ promoter (AH468: ΔcqsA ΔluxS, carries PluxPQ-CqsS::3XFLAG, white)

in response to AI-2 (blue), CAI-1 (red), or both AI-2 and CAI-1 (purple) at saturating 1 μM and

5 μM concentrations, respectively. Relative light units (RLU) are defined as counts/min ml-1 per

OD600.

(TIFF)

S10 Fig. Compound #1 requires the tetrazole side chain for CqsS agonist activity. Light-pro-

duction from the V. cholerae CAI-1 reporter strain WN1102 is shown in response to increasing

concentrations of CAI-1 (red), compound #1 (black) and compound #6 (white). See Fig 6 of the

main text for structures. RLU are defined as counts/min ml-1 per OD600. This experiment was

performed in triplicate and standard errors of the mean, albeit small, are shown.

(TIFF)

S11 Fig. Ligand-directed inhibition of CqsS and CqsS D618N autophosphorylation. A)

Representative CqsS D618N autophosphorylation assays in the presence of DMSO or the indi-

cated amounts of CAI-1, compound #1, or compound #10. In each gel, CqsS D618N~P band

intensities in the lanes with additions of 1 μM of CAI-1, #1, and #10 were quantified and nor-

malized to the average band intensities when DMSO was added. Data are presented in Fig 7A

of the main text. B) Representative autophosphorylation of WT CqsS in the presence of

DMSO or the indicated amounts of CAI-1, compound #1, and compound #10. In each gel,

band intensities for CqsS~P following addition of CAI-1, #1, or #10 were quantified and nor-

malized to the CqsS~P in the presence of DMSO. The titration data are presented in Fig 7B of

the main text. In both panels, the minus symbols above each gel denote duplicates of the

DMSO controls.

(TIFF)

S12 Fig. Detergent-purified CqsS protein. Coomaisse stained gel to assess protein purity.

Lane 1, PageRuler Plus protein ladder, Lane 2, 2 µg of purified CqsS::3XFLAG protein.

(TIFF)

Acknowledgments

We thank members of the Bassler laboratory and Dr. Ned Wingreen for insightful discussions

and suggestions. We thank Dr. Wai-Leung Ng for coordinating the Broad Institute small

Asymmetric regulation of quorum-sensing receptors

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006826 May 26, 2017 24 / 28

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006826.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006826.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006826.s014
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006826.s015
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006826.s016
https://doi.org/10.1371/journal.pgen.1006826


molecule screen and for generously providing V. cholerae strains. We gratefully acknowledge

Dr. Brad Henke of Opti-Mol for discussion of SAR data.

Author Contributions

Conceptualization: AH BLB.

Data curation: AH BLB.

Formal analysis: AH BLB.

Funding acquisition: AH BLB.

Investigation: AH.

Methodology: AH BLB.

Project administration: BLB.

Resources: AH BLB.

Supervision: BLB.

Validation: AH.

Visualization: AH BLB.

Writing – original draft: AH BLB.

Writing – review & editing: AH BLB.

References
1. Ng W-L, Bassler BL. Bacterial Quorum-Sensing Network Architectures. Annu Rev Genet. 2015;197–

222.

2. Papenfort K, Bassler BL. Quorum sensing signal-response systems in Gram-negative bacteria. Nat

Rev Microbiol. 2016; 14(9):576–88. https://doi.org/10.1038/nrmicro.2016.89 PMID: 27510864

3. Higgins DA, Pomianek ME, Kraml CM, Taylor RK, Semmelhack MF, Bassler BL. The major Vibrio cho-

lerae autoinducer and its role in virulence factor production. Nature. 2007; 450(7171):883–6. https://doi.

org/10.1038/nature06284 PMID: 18004304

4. Chen X, Schauder S, Potier N, Van Dorsselaer A, Pelczer I, Bassler BL, et al. Structural identification of

a bacterial quorum-sensing signal containing boron. Nature. 2002; 415(s):545–9.

5. Wei Y, Perez LJ, Ng W-L, Semmelhack MF, Bassler BL. Mechanism of Vibrio cholerae autoinducer-1

biosynthesis. ACS Chem Biol. 2011; 6(4):356–65. https://doi.org/10.1021/cb1003652 PMID: 21197957

6. Schauder S, Shokat K, Surette MG, Bassler BL. The LuxS family of bacterial autoinducers: Biosynthe-

sis of a novel quorum-sensing signal molecule. Mol Microbiol. 2001; 41(2):463–76. PMID: 11489131

7. Zhao G, Wan W, Mansouri S, Alfaro JF, Bassler BL, Cornell KA, et al. Chemical synthesis of S-ribosyl-

L-homocysteine and activity assay as a LuxS substrate. Bioorganic Med Chem Lett. 2003; 13

(22):3897–900.

8. Bassler BL, Wright M, Silverman MR. Multiple signalling systems controlling expression of lumines-

cence in Vibrio harveyi: Sequence and function of genes encoding a second sensory pathway. Mol

Microbiol. 1994; 13(2):273–86. PMID: 7984107

9. Miller MB, Skorupski K, Lenz DH, Taylor RK, Bassler BL. Parallel quorum sensing systems converge to

regulate virulence in Vibrio cholerae. Cell. 2002; 110:303–14. PMID: 12176318

10. Shikuma NJ, Fong JCN, Odell LS, Perchuk BS, Laub MT, Yildiz FH. Overexpression of VpsS, a hybrid

sensor kinase, enhances biofilm formation in Vibrio cholerae. J Bacteriol. 2009; 191(16):5147–58.

https://doi.org/10.1128/JB.00401-09 PMID: 19525342

11. Jung SA, Chapman CA, Ng WL. Quadruple quorum-sensing inputs control Vibrio cholerae virulence

and maintain system robustness. PLoS Pathog. 2015; 11(4):1–19.

Asymmetric regulation of quorum-sensing receptors

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006826 May 26, 2017 25 / 28

https://doi.org/10.1038/nrmicro.2016.89
http://www.ncbi.nlm.nih.gov/pubmed/27510864
https://doi.org/10.1038/nature06284
https://doi.org/10.1038/nature06284
http://www.ncbi.nlm.nih.gov/pubmed/18004304
https://doi.org/10.1021/cb1003652
http://www.ncbi.nlm.nih.gov/pubmed/21197957
http://www.ncbi.nlm.nih.gov/pubmed/11489131
http://www.ncbi.nlm.nih.gov/pubmed/7984107
http://www.ncbi.nlm.nih.gov/pubmed/12176318
https://doi.org/10.1128/JB.00401-09
http://www.ncbi.nlm.nih.gov/pubmed/19525342
https://doi.org/10.1371/journal.pgen.1006826


12. Goulian M. Two-component signaling circuit structure and properties. Curr Opin Microbiol. 2010; 13

(2):184–9. https://doi.org/10.1016/j.mib.2010.01.009 PMID: 20149717

13. Salazar ME, Laub MT. Temporal and evolutionary dynamics of two-component signaling pathways.

Curr Opin Microbiol. 2015; 24:7–14. https://doi.org/10.1016/j.mib.2014.12.003 PMID: 25589045

14. Willett JW, Crosson S. Atypical modes of bacterial histidine kinase signaling. Mol Microbiol. 2016;[Epub

ahead of print].

15. Freeman JA, Lilley BN, Bassler BL. A genetic analysis of the functions of LuxN: a two-component hybrid

sensor kinase that regulates quorum sensing in Vibrio harveyi. Mol Microbiol. 2000; 35:139–49. PMID:

10632884

16. Timmen M, Bassler BL, Jung K. AI-1 influences the kinase activity but not the phosphatase activity of

LuxN of Vibrio harveyi. J Biol Chem. 2006; 281(34):24398–404. https://doi.org/10.1074/jbc.

M604108200 PMID: 16807235

17. Wei Y, Ng W-L, Cong J, Bassler BL. Ligand and antagonist driven regulation of the Vibrio cholerae quo-

rum-sensing receptor CqsS. Mol Microbiol. 2012; 83(6):1095–108. https://doi.org/10.1111/j.1365-2958.

2012.07992.x PMID: 22295878

18. Lenz DH, Mok KC, Lilley BN, Kulkarni R V, Wingreen NS, Bassler BL. The small RNA chaperone Hfq

and multiple small RNAs control quorum sensing in Vibrio harveyi and Vibrio cholerae. Cell. 2004; 118

(1):69–82. https://doi.org/10.1016/j.cell.2004.06.009 PMID: 15242645

19. Rutherford ST, van Kessel JC, Shao Y, Bassler BL. AphA and LuxR/HapR reciprocally control quorum

sensing in vibrios. Genes Dev. 2011; 25(4):397–408. https://doi.org/10.1101/gad.2015011 PMID:

21325136

20. Freeman JA, Bassler BL. A genetic analysis of the function of LuxO, a two-component response regula-

tor involved in quorum sensing in Vibrio harveyi. Mol Microbiol. 1999; 31(2):665–77. PMID: 10027982

21. Boyaci H, Shah T, Hurley A, Kokona B, Li Z, Ventocilla C, et al. Structure, regulation, and inhibition of

the quorum-sensing signal integrator LuxO. PLoS Biol. 2016; 14(5):e1002464. https://doi.org/10.1371/

journal.pbio.1002464 PMID: 27219477

22. Zhu J, Miller MB, Vance RE, Dziejman M, Bassler BL, Mekalanos JJ. Quorum-sensing regulators con-

trol virulence gene expression in Vibrio cholerae. Proc Natl Acad Sci U S A. 2002; 99(5):3129–34.

https://doi.org/10.1073/pnas.052694299 PMID: 11854465

23. Hammer BK, Bassler BL. Quorum sensing controls biofilm formation in Vibrio cholerae. Mol Microbiol.

2003; 50(1):101–14. PMID: 14507367

24. Shao Y, Bassler BL. Quorum regulatory small RNAs repress type VI secretion in Vibrio cholerae. Mol

Microbiol. 2014; 92(5):921–30. https://doi.org/10.1111/mmi.12599 PMID: 24698180

25. Rutherford ST, Bassler BL. Bacterial quorum sensing: its role in virulence and possibilities for its control.

Cold Spring Harb Perspect Med. 2012; 2(11):1–26.

26. Perez LJ, Karagounis TK, Hurley A, Bassler BL, Semmelhack MF. Highly potent, chemically stable quo-

rum sensing agonists for Vibrio cholerae. Chem Sci. 2014; 5:151–5. https://doi.org/10.1039/

C3SC52572D PMID: 24436778

27. Ng W-L, Perez L, Cong J, Semmelhack MF, Bassler BL. Broad spectrum pro-quorum-sensing mole-

cules as inhibitors of virulence in vibrios. PLoS Pathog. 2012; 8(6):e1002767. https://doi.org/10.1371/

journal.ppat.1002767 PMID: 22761573

28. Duan F, March JC. Engineered bacterial communication prevents Vibrio cholerae virulence in an infant

mouse model. Proc Natl Acad Sci U S A. 2010; 107(25):11260–4. https://doi.org/10.1073/pnas.

1001294107 PMID: 20534565

29. Xavier KB, Bassler BL. LuxS quorum sensing: More than just a numbers game. Curr Opin Microbiol.

2003; 6(2):191–7. PMID: 12732311

30. Ng W-L, Perez LJ, Wei Y, Kraml C, Semmelhack MF, Bassler BL. Signal production and detection spec-

ificity in Vibrio CqsA/CqsS quorum-sensing systems. Mol Microbiol. 2011 p.; 79(6):1407–1417. https://

doi.org/10.1111/j.1365-2958.2011.07548.x PMID: 21219472

31. Ng W-L, Wei Y, Perez LJ, Cong J, Long T, Koch M, et al. Probing bacterial transmembrane histidine

kinase receptor-ligand interactions with natural and synthetic molecules. Proc Natl Acad Sci U S A.

2010; 107(12):5575–80. https://doi.org/10.1073/pnas.1001392107 PMID: 20212168

32. Guillier M, Gottesman S. Remodelling of the Escherichia coli outer membrane by two small regulatory

RNAs. Mol Microbiol. 2006; 59(1):231–47. https://doi.org/10.1111/j.1365-2958.2005.04929.x PMID:

16359331

33. Svenningsen SL, Waters CM, Bassler BL. A negative feedback loop involving small RNAs accelerates

Vibrio cholerae’s transition out of quorum-sensing mode. Genes Dev. 2008;226–38. https://doi.org/10.

1101/gad.1629908 PMID: 18198339

Asymmetric regulation of quorum-sensing receptors

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006826 May 26, 2017 26 / 28

https://doi.org/10.1016/j.mib.2010.01.009
http://www.ncbi.nlm.nih.gov/pubmed/20149717
https://doi.org/10.1016/j.mib.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25589045
http://www.ncbi.nlm.nih.gov/pubmed/10632884
https://doi.org/10.1074/jbc.M604108200
https://doi.org/10.1074/jbc.M604108200
http://www.ncbi.nlm.nih.gov/pubmed/16807235
https://doi.org/10.1111/j.1365-2958.2012.07992.x
https://doi.org/10.1111/j.1365-2958.2012.07992.x
http://www.ncbi.nlm.nih.gov/pubmed/22295878
https://doi.org/10.1016/j.cell.2004.06.009
http://www.ncbi.nlm.nih.gov/pubmed/15242645
https://doi.org/10.1101/gad.2015011
http://www.ncbi.nlm.nih.gov/pubmed/21325136
http://www.ncbi.nlm.nih.gov/pubmed/10027982
https://doi.org/10.1371/journal.pbio.1002464
https://doi.org/10.1371/journal.pbio.1002464
http://www.ncbi.nlm.nih.gov/pubmed/27219477
https://doi.org/10.1073/pnas.052694299
http://www.ncbi.nlm.nih.gov/pubmed/11854465
http://www.ncbi.nlm.nih.gov/pubmed/14507367
https://doi.org/10.1111/mmi.12599
http://www.ncbi.nlm.nih.gov/pubmed/24698180
https://doi.org/10.1039/C3SC52572D
https://doi.org/10.1039/C3SC52572D
http://www.ncbi.nlm.nih.gov/pubmed/24436778
https://doi.org/10.1371/journal.ppat.1002767
https://doi.org/10.1371/journal.ppat.1002767
http://www.ncbi.nlm.nih.gov/pubmed/22761573
https://doi.org/10.1073/pnas.1001294107
https://doi.org/10.1073/pnas.1001294107
http://www.ncbi.nlm.nih.gov/pubmed/20534565
http://www.ncbi.nlm.nih.gov/pubmed/12732311
https://doi.org/10.1111/j.1365-2958.2011.07548.x
https://doi.org/10.1111/j.1365-2958.2011.07548.x
http://www.ncbi.nlm.nih.gov/pubmed/21219472
https://doi.org/10.1073/pnas.1001392107
http://www.ncbi.nlm.nih.gov/pubmed/20212168
https://doi.org/10.1111/j.1365-2958.2005.04929.x
http://www.ncbi.nlm.nih.gov/pubmed/16359331
https://doi.org/10.1101/gad.1629908
https://doi.org/10.1101/gad.1629908
http://www.ncbi.nlm.nih.gov/pubmed/18198339
https://doi.org/10.1371/journal.pgen.1006826


34. Shao Y, Feng L, Rutherford ST, Papenfort K, Bassler BL. Functional determinants of the quorum-sens-

ing non-coding RNAs and their roles in target regulation. EMBO J. 2013; 32(15):2158–71. https://doi.

org/10.1038/emboj.2013.155 PMID: 23838640

35. Brosse A, Korobeinikova A, Gottesman S, Guillier M. Unexpected properties of sRNA promoters allow

feedback control via regulation of a two-component system. Nucleic Acids Res. 2016; 44(20):9650–66.

https://doi.org/10.1093/nar/gkw642 PMID: 27439713

36. Spirig T, Tiaden A, Kiefer P, Buchrieser C, Vorholt JA, Hilbi H. The Legionella autoinducer synthase

LqsA produces an α-hydroxyketone signaling molecule. J Biol Chem. 2008; 283(26):18113–23. https://

doi.org/10.1074/jbc.M801929200 PMID: 18411263

37. Silva AJ, Benitez JA. Transcriptional regulation of Vibrio cholerae hemagglutinin/protease by the cyclic

AMP receptor protein and RpoS. J Bacteriol. 2004; 186(19):6374–82. https://doi.org/10.1128/JB.186.

19.6374-6382.2004 PMID: 15375117

38. Finkelstein RA, Spelbrink RG, Silva AJ, Phillips TE, Stanley CM. Adherence of Vibrio cholerae to cul-

tured differentiated human intestinal cells: an in vitro colonization model. Infect Immun. 1997; 65

(8):3474–7. PMID: 9234816

39. Benitez JA, Silva AJ, Finkelstein RA. Environmental signals controlling production of hemagglutinin/pro-

tease in Vibrio cholerae. Infect Immun. 2001; 69(10):6549–53. https://doi.org/10.1128/IAI.69.10.6549-

6553.2001 PMID: 11553605

40. Waters CM, Bassler BL. The Vibrio harveyi quorum-sensing system uses shared regulatory compo-

nents to discriminate between multiple autoinducers. Genes Dev. 2006;2754–67. https://doi.org/10.

1101/gad.1466506 PMID: 17015436

41. Tsou AM, Cai T, Liu Z, Zhu J, Kulkarni R V. Regulatory targets of quorum sensing in Vibrio cholerae:

Evidence for two distinct HapR-binding motifs. Nucleic Acids Res. 2009; 37(8):2747–56. https://doi.org/

10.1093/nar/gkp121 PMID: 19276207

42. van Kessel JC, Ulrich LE, Zhulin IB, Bassler BL. Analysis of activator and repressor functions reveals

the requirements for transcriptional control by LuxR, the master regulator of quorum sensing in Vibrio

harveyi. MBio. 2013; 4(4):1–10.

43. Zhu J, Mekalanos JJ. Quorum sensing-dependent biofilms enhance colonization in Vibrio cholerae.

Dev Cell. 2003; 5(4):647–56. PMID: 14536065

44. Ringgaard S, Hubbard T, Mandlik A, Davis BM, Waldor MK. RpoS and quorum sensing control expres-

sion and polar localization of Vibrio cholerae chemotaxis cluster III proteins in vitro and in vivo. Mol

Microbiol. 2015;

45. Youk H, Lim WA. Secreting and sensing the same molecule allows cells to achieve versatile social

behaviors. Science (80-). 2014; 343(6171):1242782. https://doi.org/10.1126/science.1242782 PMID:

24503857

46. Mok KC, Wingreen NS, Bassler BL. Vibrio harveyi quorum sensing: A coincidence detector for two auto-

inducers controls gene expression. EMBO J. 2003; 22(4):870–81. https://doi.org/10.1093/emboj/

cdg085 PMID: 12574123

47. Bassler BL, Wright M, Richard E, Silverman MR. Intercellular signalling in Vibrio harveyi: sequence and

function of genes regulating expression of luminescence. Mol Microbiol. 1993; 9(4):773–86. PMID:

8231809

48. Henke JM, Bassler BL. Three parallel quorum-sensing systems regulate gene expression in Vibrio har-

veyi. J Bacteriol. 2004; 186(20):6902–14. https://doi.org/10.1128/JB.186.20.6902-6914.2004 PMID:

15466044

49. Mehta P, Goyal S, Long T, Bassler BL, Wingreen NS. Information processing and signal integration in

bacterial quorum sensing. Mol Syst Biol. 2009; 5(325):1–11.

50. Teng S-W, Schaffer JN, Tu KC, Mehta P, Lu W, Ong NP, et al. Active regulation of receptor ratios con-

trols integration of quorum-sensing signals in Vibrio harveyi. Mol Syst Biol. 2011; 7(491):1–14.

51. Kalinin Y, Neumann S, Sourjik V, Wu M. Responses of Escherichia coli bacteria to two opposing che-

moattractant gradients depend on the chemoreceptor ratio. J Bacteriol. 2010; 192(7):1796–800. https://

doi.org/10.1128/JB.01507-09 PMID: 20118262

52. Yoney A, Salman H. Precision and variability in bacterial temperature sensing. Biophys J. 2015; 108

(10):2427–36. https://doi.org/10.1016/j.bpj.2015.04.016 PMID: 25992721

53. Salazar ME, Podgornaia AI, Laub MT. The small membrane protein MgrB regulates PhoQ bifunctional-

ity to control PhoP target gene expression dynamics. Mol Microbiol. 2016; 102(3):430–45. https://doi.

org/10.1111/mmi.13471 PMID: 27447896

54. Schluter J, Schoech AP, Foster KR, Mitri S. The evolution of quorum sensing as a mechanism to infer

kinship. PLoS Comput Biol. 2016; 12(4):1–18.

Asymmetric regulation of quorum-sensing receptors

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006826 May 26, 2017 27 / 28

https://doi.org/10.1038/emboj.2013.155
https://doi.org/10.1038/emboj.2013.155
http://www.ncbi.nlm.nih.gov/pubmed/23838640
https://doi.org/10.1093/nar/gkw642
http://www.ncbi.nlm.nih.gov/pubmed/27439713
https://doi.org/10.1074/jbc.M801929200
https://doi.org/10.1074/jbc.M801929200
http://www.ncbi.nlm.nih.gov/pubmed/18411263
https://doi.org/10.1128/JB.186.19.6374-6382.2004
https://doi.org/10.1128/JB.186.19.6374-6382.2004
http://www.ncbi.nlm.nih.gov/pubmed/15375117
http://www.ncbi.nlm.nih.gov/pubmed/9234816
https://doi.org/10.1128/IAI.69.10.6549-6553.2001
https://doi.org/10.1128/IAI.69.10.6549-6553.2001
http://www.ncbi.nlm.nih.gov/pubmed/11553605
https://doi.org/10.1101/gad.1466506
https://doi.org/10.1101/gad.1466506
http://www.ncbi.nlm.nih.gov/pubmed/17015436
https://doi.org/10.1093/nar/gkp121
https://doi.org/10.1093/nar/gkp121
http://www.ncbi.nlm.nih.gov/pubmed/19276207
http://www.ncbi.nlm.nih.gov/pubmed/14536065
https://doi.org/10.1126/science.1242782
http://www.ncbi.nlm.nih.gov/pubmed/24503857
https://doi.org/10.1093/emboj/cdg085
https://doi.org/10.1093/emboj/cdg085
http://www.ncbi.nlm.nih.gov/pubmed/12574123
http://www.ncbi.nlm.nih.gov/pubmed/8231809
https://doi.org/10.1128/JB.186.20.6902-6914.2004
http://www.ncbi.nlm.nih.gov/pubmed/15466044
https://doi.org/10.1128/JB.01507-09
https://doi.org/10.1128/JB.01507-09
http://www.ncbi.nlm.nih.gov/pubmed/20118262
https://doi.org/10.1016/j.bpj.2015.04.016
http://www.ncbi.nlm.nih.gov/pubmed/25992721
https://doi.org/10.1111/mmi.13471
https://doi.org/10.1111/mmi.13471
http://www.ncbi.nlm.nih.gov/pubmed/27447896
https://doi.org/10.1371/journal.pgen.1006826


55. Sirajul M, Drasar BS, Sack RB, Journal S, June N, Bradley R. The aquatic flora and fauna as reservoirs

of Vibrio cholerae: a review. 2014; 12(2):87–96.

56. Jenna CG, Jenn TK, Christopher JJ, Fitnat YH. Staying alive: Vibrio cholerae’s cycle of environmental

survival, transmission, and dissemination. Microbiol Spectr. 2015;1–32.

57. Almagro-moreno S, Taylor RK. Cholera: environmental reservoirs and impact on disease transmission.

Microbiol Spectr. 2015; 1(2):1–19.

58. Kaneko T, Colwell RR. Adsorption of Vibrio parahaemolyticus onto chitin and copepods. Appl Microbiol.

1975; 29(2):269–74. PMID: 234715

59. Sochard MR, Wilson DF, Austin B, Colwell RR. Bacteria associated with the surface and gut of marine

copepods. Appl Environ Microbiol. 1979; 37(4):750–9. PMID: 16345368

60. Huq A, Small EB, West PA, Huq MI, Rahman R, Colwell RR. Ecological relationships between Vibrio

cholerae and planktonic crustacean copepods. Appl Environ Microbiol. 1983; 45(1):275–83. PMID:

6337551

61. Tamplin ML, Gauzens AL, Huq A, Sack DA, Colwell RR. Attachment of Vibrio cholerae serogroup O1 to

zooplankton and phytoplankton of Bangladesh waters. Appl Environ Microbiol. 1990; 56(6):1977–80.

PMID: 2383016

62. Sperandio V, Torres AG, Jarvis B, Nataro JP, Kaper JB. Bacteria-host communication: The language of

hormones. Proc Natl Acad Sci. 2003; 100(15):8951–6. https://doi.org/10.1073/pnas.1537100100

PMID: 12847292

63. Kaper JB, Sperandio V. Bacterial cell-to-cell signaling in the gastrointestinal tract. Infect Immun. 2005;

73(6):3197–3209. https://doi.org/10.1128/IAI.73.6.3197-3209.2005 PMID: 15908344

64. Thompson JA, Oliveira R, Djukovic A, Ubeda C, Xavier KB. Manipulation of the quorum sensing signal

AI-2 affects the antibiotic-treated gut microbiota. Cell Rep. 2015; 10(11):1861–71. https://doi.org/10.

1016/j.celrep.2015.02.049 PMID: 25801025

65. Nadell CD, Bassler BL. A fitness trade-off between local competition and dispersal in Vibrio cholerae

biofilms. Proc Natl Acad Sci U S A. 2011; 108(34):14181–5. https://doi.org/10.1073/pnas.1111147108

PMID: 21825170

66. Cornforth DM, Popat R, McNally L, Gurney J, Scott-Phillips TC, Ivens A, et al. Combinatorial quorum

sensing allows bacteria to resolve their social and physical environment. Proc Natl Acad Sci U S A.

2014; 111(11):4280–4. https://doi.org/10.1073/pnas.1319175111 PMID: 24594597

67. Papenfort K, Silpe J, Schramma KR, Cong J-P, Seyedsayamdost MR, Bassler BL. Vibrio cholerae quo-

rum-sensing autoinducer-receptor pair that promotes interspecies communication. Nat Chem Biol.

2017;(in press).

68. Thelin KH, Taylor RK. Toxin-coregulated pilus, but not mannose-sensitive hemagglutinin, is required for

colonization by Vibrio cholerae O1 El Tor biotype and O139 strains. Infect Immun. 1996; 64(7):2853–6.

PMID: 8698524

69. Semmelhack MF, Campagna SR, Federle MJ, Bassler BL. An expeditious synthesis of DPD and boron

binding studies. Org Lett. 2005; 7(4):569–72. https://doi.org/10.1021/ol047695j PMID: 15704896

70. Swem LR, Swem DL, Wingreen NS, Bassler BL. Deducing receptor signaling parameters from in vivo

analysis: LuxN/AI-1 quorum sensing in Vibrio harveyi. Cell. 2008; 134(3):461–73. https://doi.org/10.

1016/j.cell.2008.06.023 PMID: 18692469

71. Faloon P, Youngsaye W, Bennion M, Ng W-L, Hurley A, Lewis TA, et al. Discovery of two, structurally

distinct agonists of Vibrio cholerae quorum sensing acting via the CqsS membrane receptor. Probe

Reports from NIH Mol Libr Progr. 2012;December.

72. Skorupski K, Taylor RK. Positive selection vectors for allelic exchange. Gene. 1996; 169(1):47–52.

PMID: 8635748

73. Tu KC, Bassler BL. Multiple small RNAs act additively to integrate sensory information and control quo-

rum sensing in Vibrio harveyi. Genes Dev. 2007; 21:221–33. https://doi.org/10.1101/gad.1502407

PMID: 17234887

74. Pal RR, Bag S, Dasgupta S, Das B, Bhadra RK. Functional characterization of the stringent response

regulatory gene dksA of Vibrio cholerae and its role in modulation of virulence phenotypes. J Bacteriol.

2012; 194(20):5638–48. https://doi.org/10.1128/JB.00518-12 PMID: 22904284

Asymmetric regulation of quorum-sensing receptors

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006826 May 26, 2017 28 / 28

http://www.ncbi.nlm.nih.gov/pubmed/234715
http://www.ncbi.nlm.nih.gov/pubmed/16345368
http://www.ncbi.nlm.nih.gov/pubmed/6337551
http://www.ncbi.nlm.nih.gov/pubmed/2383016
https://doi.org/10.1073/pnas.1537100100
http://www.ncbi.nlm.nih.gov/pubmed/12847292
https://doi.org/10.1128/IAI.73.6.3197-3209.2005
http://www.ncbi.nlm.nih.gov/pubmed/15908344
https://doi.org/10.1016/j.celrep.2015.02.049
https://doi.org/10.1016/j.celrep.2015.02.049
http://www.ncbi.nlm.nih.gov/pubmed/25801025
https://doi.org/10.1073/pnas.1111147108
http://www.ncbi.nlm.nih.gov/pubmed/21825170
https://doi.org/10.1073/pnas.1319175111
http://www.ncbi.nlm.nih.gov/pubmed/24594597
http://www.ncbi.nlm.nih.gov/pubmed/8698524
https://doi.org/10.1021/ol047695j
http://www.ncbi.nlm.nih.gov/pubmed/15704896
https://doi.org/10.1016/j.cell.2008.06.023
https://doi.org/10.1016/j.cell.2008.06.023
http://www.ncbi.nlm.nih.gov/pubmed/18692469
http://www.ncbi.nlm.nih.gov/pubmed/8635748
https://doi.org/10.1101/gad.1502407
http://www.ncbi.nlm.nih.gov/pubmed/17234887
https://doi.org/10.1128/JB.00518-12
http://www.ncbi.nlm.nih.gov/pubmed/22904284
https://doi.org/10.1371/journal.pgen.1006826

